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Abstract We propose a new method for identifying and
isolating QQ + jet events through semileptonic decays of
the QQ pair. Employing these decay dileptons to tag the
jet in a specific kinematic region provides a clean signature
of jets associated with heavy-quark production. The mea-
surement, in both pp and heavy-ion collisions, is essential
for addressing heavy-quark fragmentation in vacuum and in
a dense medium. We present next-to-leading order calcula-
tions of QQ production (leading order in QQ + jet produc-
tion) in √s = 14 TeV pp collisions at the LHC and discuss
the feasibility of the measurement in heavy-ion collisions at√
sNN = 5.5 TeV.
PACS 13.87.Ce · 24.85.+p · 25.75.Cj · 12.38.Qk
1 Introduction
Heavy quarks are important probes of QCD production and
hadronization in both fundamental pp collisions and ultra-
relativistic heavy-ion collisions. They are calculationally at-
tractive because their large mass makes it possible to ob-
tain the production rate over the entire pT range. Therefore,
accurate heavy-quark measurements provide direct quanti-
tative tests of QCD, including a detailed understanding of
their production, fragmentation and evolution. Since heavy
quarks constitute an important part of the background to
many new particle searches in the Large Hadron Collider
(LHC) pp program [1], detailed knowledge of their proper-
ties is vital. In heavy-ion collisions, because the heavy-quark
production time, ∼1/2mQ  0.3 fm for mc = 1.5 GeV/c2
and 0.1 fm for mb = 4.75 GeV/c2, is short compared to
the ∼1 fm formation time of a quark–gluon plasma, heavy
quarks experience the full collision history. Thus, heavy-
flavor observables probe both production and propagation
through the medium.
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Jets are another key high-pT and high-Q2 QCD probe of
hard production and fragmentation. Jet measurements will
be an important component of the LHC pp and heavy-ion
programs.
The high-energy and -luminosity LHC is the ideal envi-
ronment for studies of both jets and heavy-quark produc-
tion. The large LHC detectors (CMS [2, 3], ATLAS [4], and
ALICE [5, 6]), with wide calorimetric coverage and high-
resolution tracking, can identify jets using standard recon-
struction methods (e.g. jet algorithms that reconstruct the jet
energy deposited in the calorimeters as well as momentum
and angular hadron correlation methods that access jet prop-
erties on a statistical basis) over a wide rapidity range. Parti-
cle identification (to reconstruct hadronic decays), together
with high-quality tracking and fine vertex-reconstruction ca-
pabilities and extended lepton coverage (for lepton identi-
fication and displaced-vertex analysis of semileptonic de-
cays) are available for heavy-flavor detection. However, dis-
entangling the signal from the enormous background, leav-
ing similar signatures in the detectors, is still challenging.
We propose a method of heavy-flavor measurement that
combines heavy-flavor and jet probes. Next-to-leading or-
der (NLO) calculations of heavy-quark production predicts
final states with three hard, correlated partons such as QQg
and QQq . The resulting QQ + jet events should provide a
unique high-pT and large-Q2 test of QCD. The QQ pairs
are identified by their decays to lepton pairs, dominating the
dilepton continuum above the Υ mass. These high-mass,
heavy-flavor decay dileptons are used to tag jets. Our re-
sults, presented for
√
s = 14 TeV pp collisions, include
acceptance cuts appropriate for the three large LHC detec-
tors. We also briefly comment on measurements in the more




With a pure sample of heavy-quark decay products, it
is possible to study the heavy-quark fragmentation func-
tion (FF). In general, the FFs, assumed to be universal, are
determined from e+e− measurements. Data from different
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center-of-mass energies are employed to obtain their Q2
evolution. However, despite the wide range of e+e− data,
it is not yet possible to determine the existence and nature
of the power corrections to the fragmentation functions [7].
This represents one of the largest sources of uncertainty
in the high-pT heavy-flavor production cross section [8].
It is thus important to develop new tools for probing the
heavy-flavor fragmentation functions in the new kinemati-
cal regime of the LHC, even in pp collisions.
In the environment of a heavy-ion collision, the base- line
heavy-quark vacuum FFs are expected to be modified. The
study of these predicted modifications is therefore an im-
portant means of determining the properties of high-density
QCD matter. Furthermore, multiplicity-dependent ‘tomo-
graphy’ of Q and Q jets as a function of momentum and
cone size, directly related to gluon bremsstrahlung by the
heavy quarks while passing through the dense medium, will
address heavy-quark energy loss [9]. While heavy quarks are
expected to lose less energy than light quarks due to their
larger mass, the RHIC data so far on non-photonic electron
spectra suggest that this may not be the case [10]. Since
the electrons have not been unambiguously determined to
be from heavy-flavor decays, the strength of the energy loss
effects on charm and bottom quarks remains unknown. Our
method could help clarify the situation.
Finally, the QQ + jet topology can shed light on the
heavy-quark production mechanism. In particular, the clean
environment of pp collisions at the LHC and the excellent
lepton identification of the detectors probe the relative im-
portance of two- to three-body final states at high pT.
2 Calculational method
Heavy-quark production has been calculated at NLO using
the exclusive QQ code of Mangano, Nason and Ridolfi [11],
HVQMNR. The leading-order (LO) contributions to heavy-
quark production are gluon fusion, g + g → Q + Q, and
quark–antiquark annihilation, q + q → Q + Q. At NLO, a
third hard parton can be produced in the final state, leading
to QQ + jet events from both gg and qq initial states, as
well as q +g → q +Q+Q processes. The parameters used
in HVQMNR are listed in Table 2.1.
Table 2.1 The HVQMNR parameters: 〈kT〉 is the mean intrinsic trans-
verse momentum;  is the parameter in the Peterson function [12]; ξF
and ξR are the ratios of the factorization and renormalization scales rel-
ative to the quark transverse mass, mT. The CTEQ6M parton densities
[13] are used
Q mQ (GeV/c2) 〈kT〉 (GeV/c)  ξF ξR
c 1.5 1.0 0.06 1.0 1.0
b 4.75 1.0 0.006 1.0 1.0
Table 2.2 Single lepton and dilepton cuts. Cut1 represents the AL-
ICE electron identification capabilities. The CMS muon coverage is
assumed for Cut2 and Cut3 while Cut4 is a mixed eμ cut in CMS
Observable Cut1 Cut2 Cut3 Cut4
M (GeV/c2) [12,70] [12,70] [12,70] None
pl minT 1 (GeV/c) 1.0 3.5 3.5 3.5
|ηl max1 | 0.9 2.4 2.4 2.4
pl minT 2 (GeV/c) 1.0 3.5 3.5 5.0
|ηl max2 | 0.9 2.4 2.4 3.0
pminT (GeV/c) 5.0 10.0 25.0 25.0
We use the Peterson fragmentation function [12], the
HVQMNR default. The Peterson function reduces the mo-
mentum of the charm quark by 30% on average during frag-
mentation while the bottom quark momentum is reduced by
10%.
The semileptonic decay branching ratios we use are D →
lX (10.3%) and B → lX (10.86%) for l = e and μ. These
branching ratios are averages for generic D and B mesons.
The implementation of B decays in HVQMNR is described
in Ref. [14]. The D decays employ a similar technique.
Four sets of dilepton kinematic cuts, outlined in Ta-
ble 2.2, were considered. The cuts were chosen taking the
single lepton identification capabilities of the LHC experi-
ments [2–6], into account. The single lepton cuts are deter-
mined by the minimum lepton pT and maximum η cover-
age of the ALICE (Cut1) and CMS (Cut2–Cut4) detectors.
The lower limit on the dilepton pT is chosen by considering
that, for typical light-hadron fragmentation, ≈20% of the
final-state light parton pT (in the QQX final state, where X
is a light quark or gluon) is carried by the leading hadron
(the hadron in the jet with the highest pT). Thus a parton
with pT ∼ 25 GeV/c will produce a leading hadron with
〈pT〉 ∼ 5 GeV/c. Therefore, a sufficiently high dilepton pT
cut will ensure that the jet is observable over the hadronic
background. Also, previous studies [15] showed that intrin-
sic kT effects are more pronounced at lower hadron pT, mak-
ing the results harder to interpret.
3 QQ tagged jets
We shall focus on the dilepton invariant-mass region 12 <
M < 70 GeV/c2, below the Z0 peak but above the Υ states,
where QQ → l+l−X dominates the signal dileptons. The
main physics channels contributing to the signal in this mass
range are virtual photons (γ ∗ → l+l−) and correlated semi-
leptonic DD and BB decays. The mass distributions for all
three cases are shown in Fig. 3.1. The heavy-flavor decays
clearly dominate in the region between the Υ and Z0 peaks.
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Since QQ pairs can be accompanied by a quark or a
gluon jet at NLO, we develop a way to identify and mea-
sure the QQ + jet signal. We show that an azimuthal cut
between the leptons from semileptonic heavy-flavor decays
can help isolate the QQ + jet topologies.
3.1 Heavy quarks
In Fig. 3.2, the individual LO (open symbols) and NLO (full
symbols) contributions to the dilepton pT distribution from
the initial qq , gg and qg channels are shown. The only kine-
matic cut is on the QQ pair mass: 12 < M < 70 GeV/c2.
The NLO contributions are dominant over the entire pT
range. The gg channel is the largest, followed closely by the
qg channel. Above 80 GeV/c, the LO contribution becomes
negligible, even compared to the relatively small NLO qq
contribution. We note that without the 〈kT〉 kick, the LO con-
tribution would die off more rapidly.
Thus heavy-quark production is dominated by decay
topologies where the Q and Q are produced with a light
Fig. 3.1 Dilepton invariant-mass distributions from DD and BB
semileptonic decays and Z0/γ ∗ → l+l− in pp collisions at √s =
14 TeV
quark or gluon jet in the same hard event. Identification and
isolation of these three-prong hard-scattering events would
provide a means of selecting the heavy-quark production
mechanism. Using this criteria, heavy-quark propagation
can be probed in more detail.
We now turn to a more unique observable: the open-
ing angle between the leptons from semileptonic DD and
BB decays. Figure 3.3 shows the partonic contributions to
dσ/d(φ) at LO and NLO, as in Fig. 3.2, with Cut3 im-
plemented. The LO contribution is strongly peaked back-to-
back, appearing only at φ ∼ π . Note that the cc pairs are
more back-to-back due to the lower charm mass and scale.
The kT kick broadens the NLO contributions. Thus the gg
and qg NLO φ distributions are nearly isotropic due to the
presence of the third hard parton in QQ + jet events. An-
gular correlations are then a means of separating the NLO
contributions to QQ production.
3.2 Heavy mesons
We exploit the specific partonic kinematics from Fig. 3.3
and analyze dileptons from semileptonic decays of DD and
BB . To determine whether the kinematic cuts given in Ta-
ble 2.2 can highlight different characteristic φ distribu-
tions for the QQ + jet final state, we show the pT and φ
distributions for charm (Fig. 3.4) and bottom (Fig. 3.5) de-
cay dileptons with the four kinematic cuts. The pT distrib-
utions are all similar. The bottom rates are somewhat larger
than the charm rates, as may be expected [16]. The Cut4 rate
is highest since the eμ phase space is largest and no mass
constraint is applied.
The lepton cuts have the most dramatic effect on the φ
distributions. The cuts with the lowest minimum dilepton
pT have the highest rate at φ ∼ π . The ALICE kine-
matic regime, with the most restrictive phase space cov-
erage, Cut1, gives the most back-to-back φ distribution.
Cut2, the low pT CMS dimuon cut, gives a rather isotropic
Fig. 3.2 The partonic
contributions to the bb (left) and
cc pair (right) pT in the mass
interval 12 < M < 70 GeV/c2.
No other cuts are imposed
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Fig. 3.3 The same as Fig. 3.2
for the azimuthal angle between
the Q and Q. Cut3 has been
imposed
Fig. 3.4 DD meson cut
systematics
Fig. 3.5 BB meson cut
systematics
distribution, as does Cut3, albeit with a lower rate due to
the higher pT cut. Cut4 exhibits additional structure, with a
small back-to-back peak and a larger peak at φ ∼ 0 when
the dileptons are almost collinear. Here the jet is back-to-
back to the lepton pair. The larger η acceptance enhances de-
tection of topologies where the QQ is opposite the jet, giv-
ing a pronounced peak at φ ∼ 0. Thus the reduced η cov-
erage and low minimum pT of Cut1 enhances detection of
back-to-back lepton pairs. Cut2 and Cut3, with larger η cov-
erage, allow more isotropic QQX final states to be detected.
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Indeed, the larger minimum pT of Cut3 gives a smaller sec-
ondary peak at φ < π/2.
4 Discussion
Since the QQ decay dileptons are opposite to the jet at low
φ, we propose to isolate QQ + jet events by applying a
φ cut, φ < 2π/3 or φ < π/2, between e±e∓ or μ±μ∓
pairs with 12 < M < 70 GeV/c2. Since the CMS and AT-
LAS experiments have a symmetric calorimetric and muon
identification acceptance, e±e∓, μ±μ∓ and e±μ∓ pairs can
be detected. In addition, the invariant-mass constraint can
be lifted for mixed lepton pairs, e±μ∓, since heavy-flavor
decays are the only signal source.
While the effect of the φ cut can be experimentally in-
vestigated with complementary measurements, the width of
the pT distributions in Fig. 3.2 depends on the intrinsic kT,
especially at low QQ pT. Since the back-to-back leading-
order contributions can become more isotropic through the
kT kick, making the additional φ < π/2 cut eliminates this
source of contamination.
The dilepton + jet rates as a function of pT are shown in
Fig. 4.1 for
√
s = 14 and 5.5 TeV, the maximum Pb + Pb
energy, using Cut3 with an additional φ cut, φ < π/2.
The Pb+Pb rates for the four sets of cuts, assuming a simple
A2 scaling of the pp cross section at
√
s = 5.5 TeV with no
energy loss and integrated above a minimum dilepton pT,
pminT , are shown in Fig. 4.2. Again, the additional φ cut,
φ < π/2, is applied.
Following the identification of QQ + jet events, the
two-body azimuthal correlation between the dilepton and
hadrons in the same event can identify the jet and determine
its properties. Of course, it may also be possible to fully re-
construct the jet balanced by the dilepton using a jet recon-
struction algorithm. The feasibility of these measurements
needs further study.
While the dileptons from QQ decays are the signal, there
are several important background sources. The main physics
backgrounds are Z0/γ ∗ → l+l− and B → J/ψX → l+l−X
decays. There are also combinatorial backgrounds from
random pairs where one lepton arises from a semileptonic
heavy-quark decay and another from a light-hadron decay,
pairs with both leptons from light-hadron decays, and pairs
Fig. 4.1 The dilepton pT
distributions from bottom
(solid) and charm (open) decays
with Cut3 and φ < π/2 in pp
collisions at 14 TeV (left) and
5.5 TeV (right)
Fig. 4.2 Integrated bottom
(left) and charm (right) rates as
a function of pminT for 5.5 TeV
Pb + Pb collisions. No energy
loss is included
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of misidentified or fake leptons. These types of background
can be reduced using invariant-mass cuts, same-sign sub-
traction (μ±μ±, e±e±), or mixed, opposite-sign dileptons
(e±μ∓).
In heavy-ion collisions, there is additional combinatorial
background from uncorrelated cc and bb production since
multiple QQ pairs can be produced in the same AA colli-
sion. It should be possible to subtract this background with
the same-sign subtraction scheme.
In pp collisions, pileup dileptons, from more than one
pp collision in a typical bunch crossing, can occur dur-
ing high-luminosity running. However, the excellent vertex-
reconstruction capabilities of the LHC detectors should min-
imize the possibility of identifying a fake QQ + jet event
with the QQ pair from one event and the jet from another
event or with each lepton from different events. In heavy-
ion collisions, fake dileptons can come from true heavy me-
son decays originating from different hard scatterings in one
Pb + Pb collision. We estimated the number of QQ + jet
events in a single Pb + Pb collision at 5.5 TeV to be 0.8 for
charm and 1.7 for bottom. The results were obtained by mul-
tiplying the pp cross section in Fig. 4.1 by the nuclear over-
lap integral in the 5% most central Pb + Pb collisions, 26.6
mb−1 [17]. These backgrounds are rejected if the azimuthal
correlation is used for jet identification, since a flat distribu-
tion is obtained for the fake dileptons.
5 Conclusions
Based on NLO calculations, we proposed a method for iden-
tifying QQ+ jet events both in elementary pp collisions and
in heavy-ion collisions. The results show that these measure-
ments are feasible at the LHC when jet measurements are
combined with judicious dilepton kinematic cuts. High rates
are obtained for both the dedicated heavy-ion detector AL-
ICE as well as for the CMS detector with its extended lepton
coverage for both muons and electrons.
The type of tagging that we propose is crucial to both the
pp and AA programs since the measurements are related to
the heavy-quark production mechanism, the fragmentation
functions and medium-induced energy loss.
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